Introduction
Geophysical constraints on the melt supply and near-axis lithospheric thickness along slow spreading ridges (spreading rate < 4 cm/yr) suggest that about 0.6 TW are available for on-axis hydrothermal heat extraction [see review in Cannat et al., 2004] . This heat is partly extracted through high-temperature (>200 C) hydrothermal vent fields, which have been found both at the center of magma-rich segments (e.g., Menez Gwen, Lucky Strike, Broken Spur, and Snake Pit vent fields) and at low-magma budget detachment faults within tectonically dominated segments (e.g., TAG, Rainbow, Ashadze, Logatchev). The present study focuses on magmatically dominated segment centers, particularly on the Lucky Strike vent field (37 18 0 N, 32 16 0 W) [Langmuir et al., 1997] , where a seafloor observatory of tectonic, volcanic, hydrothermal, and biological processes has been in place since 2006 . The vent field is located on top of a large axial volcano ( Figure 1 ) and is composed of approximately (i) 70 high-temperature (maximum T 5 330 C), smokerlike vents and (ii) 1700 m 2 of associated diffuse flow venting. The total heat flux of the field is estimated to be between 200 and 1000 MW [Barreyre et al., 2012] . In addition, two more outflow areas have been identified, one 2 km to the South and within the axial graben (the Evan site) [M. Cannat, personal communication, 2014] , and another 1.5 km to the East (the Capelinhos site) [M. Cannat, personal communication, 2014] . Both sites are limited in size and preliminary observations suggest that their heat output is negligible (less than a few MW) compared to the main Lucky Strike hydrothermal field.
Detailed geophysical and geological investigations stress the role of the local axial fault system on localizing high and low-temperature venting at Lucky Strike [Ondr eas et al., 2009; Barreyre et al., 2012] . Hightemperature vents and chimneys, low-temperature emanations and associated bacterial and faunal activities are mostly organized as clusters on the eastern and western parts of the faulted rim of a 500 m wide paleo lava lake [Fouquet et al., 1995] bounded by a kilometer-wide axial graben [Humphris et al., 2002; Ondr eas et al., 2009; Barreyre et al., 2012] (Figure 1 ). The heat is mined from a magma chamber located 3-4 km beneath the seafloor [Singh et al., 2006] .
A microseismicity study provided constraints on the subseafloor hydrology. Using the 2007-2009 record of the Lucky Strike array of ocean bottom seismometers (OBS), Crawford et al. [2013] document microseismic clusters located just above the AMC, extending about a kilometer north and south of the main vent field and horizontally limited to beneath the main surface grabens extending from either side of the vent field. The small event magnitudes, clear depth limit and temporal continuity of these events over the 2 year experiment period lead the authors to interpret these clusters as due to cracking associated with thermal contraction at the base of two distinct hydrothermal recharge zones. A similar interpretation has previously been proposed for microearthquakes at the faster spreading Juan de Fuca ridge [Sohn et al., 2004] and at the East Pacific Rise [Tolstoy et al., 2008] . Microseismicity may thus be associated with cracking occurring in the brittle thermal boundary layer above the AMC (i.e., at temperatures <700-800 C) [Hirth et al., 1998 ]. An alternative interpretation, also proposed for EPR microseismicity involves hydrothermal cooling causing crystallization and contraction of the AMC [Sohn et al., 1999] . This alternative interpretation was not favored by Crawford et al. [2013] for the Lucky Strike microearthquakes clusters because the Lucky Strike events persisted for the full 2 years of seismic recording and because geodetic sensors installed over the same period did not detect any vertical ground motion [Ballu et al., 2012] . In both interpretations, however, the observed clustering of microearthquakes, together with the position of the vent field, suggest an along-axis hydrothermal flow pattern at Lucky Strike, with privileged recharge areas located about a kilometer north and south of the active discharges [Crawford et al., 2013] .
This flow organization, with distinct upflow and downflow zones, departs from recent conceptual models of mid-ocean ridge high-temperature hydrothermal circulation inferred from numerical and mathematical analysis. Coumou et al. [2009a] describe a prototypical three-dimensional hydrothermal cell model in which vertical heat transport is optimized. In this model, the density contrast between low-viscosity hot (T> ca. 300-350 C) and warm (T< ca. 200-250 C) fluids drives circulation, so that colocated hot fluids rise and warm fluids sink in the crust. Conductive exchange between these fluids leads to the formation of a ''nested-pipe geometry'' composed of an outside warm recharge ''duct'' with temperature up to 200-250 C [Crawford et al., 2013] by white dots. Red dashed lines mark the limits of the Axial Magma Chamber (AMC) reflector [Singh et al., 2006] . (a) Map view. Solid contours are isodepths outlining the volcano base (21900 m), the summit depression (21710 m), and its three surrounding peaks (21660 m). Red dashed lines mark the across-axis bounds of the AMC reflector and blue and black dashed lines mark significant surface faults (blue for the central highly fissured zone). Black boxes represent the bounds of the computational domain (dashed line) and the central fissure zone (solid line). The letters ''c'' and ''e'' stand for the Capelinhos and Evan hydrothermal sites. (b) Along-axis vertical section, with depths referred to 1.9 km beneath the sea surface. The black curve is the depth profile and the red dashed line the AMC reflector, both through the central lava lake and fissure zone (0 km across axis in Figure 1a ). Hypocenters shown are located within the central fissured zone.
Geochemistry, Geophysics, Geosystems [Tivey and Johnson, 2002] suggest that clusters of high heat flux smokers, which are regularly spaced every 200-300 m, are (i) fed by upflowing pipes that demagnetize the crust and (ii) immediately surrounded by heat flux lows due to recharge. The local flow organization suggested by Coumou et al. [2009a] does not, however, explain the along-axis hydrothermal cells proposed by Crawford et al. [2013] . In the present work, we use three-dimensional numerical models of hydrothermal convection to investigate the physical parameters that control the flow organization. We investigate the effect of thermal and permeability structures on hydrothermal flow dynamics, using scenarios constrained by geological and geophysical data from Lucky Strike volcano.
Model Geometry and Primary Results

Model Geometry
We introduce a series of numerical and physical models of hydrothermal activity based on the mathematical formalism described by Rabinowicz et al. [1998] , in which three-dimensional numerical models of hydrothermal convection were developed, benchmarked, and then applied to calculate hydrothermal circulation and the associated heat flux distribution at Middle Valley, a sedimented segment along the Juan de Fuca ridge that hosts high-temperature, smoker-like activity. More recently, this formalism was applied to subaerial environments, including aerothermal flow (i.e., moist-air circulation) in the Piton de la Fournaise volcanic edifice (La R eunion Island) [Antoine et al., 2009] .
Our three-dimensional modeling domain is designed to correspond to the dimensions of the Lucky Strike system, as shown in Figure 1 . The model is 10 km long (L, y axis, along axis), 6 km wide (l, x axis, across axis), and 3 km deep (H, z axis). The hydrothermal flow model includes an open top boundary through which seawater is free to enter and leave. Top recharge temperatures are fixed at 2 C while discharge temperatures assume @T/@z 5 0. The bottom boundary has a steady state temperature that can vary in space but is in every case 500 C. Side boundaries are impermeable and adiabatic (@T/@y 5 @T/@x 5 0). Darcy's law controls fluid flow and the system's effective permeability, k, ranges between 10 215 and 4.5 3 10 214 m 2 . This effective permeability represents a vertical average over the crustal section and leads to integrated vent field heat fluxes (i.e., the total heat flux vented at the top of the system) ranging from tens of MW to a few hundreds of MW, the latter values being commensurate with heat flux estimates of mid-ocean ridge hightemperature vent fields. The mathematical and numerical formalisms also allow for permeability variations in all directions. We use seawater-based temperature and pressure-dependent fluid properties as in several previous studies with two-dimensional geometries [e.g., Fontaine and Wilcock, 2007] . Although the models neglect phase separation of seawater and brine and vapor segregation at high temperatures (>400 C), they provide a satisfactory description of the high-temperature, vapor-like, hydrothermal flows typical of Lucky Strike (most high-temperature venting fluids at Lucky Strike have salinities lower than that of seawater [e.g., Charlou et al., 2000; Pester et al., 2012] ) as stated by Geiger et al. [2005] and Fontaine and Wilcock [2007] (see also section 5). Details about the numerical procedure to solve the convection equations are given in Rabinowicz et al. [1998] and summarized in Appendix 1 of supporting information (see also Table 2 for a list of model parameters and symbols). In the following sections, we calculate fluid circulation for a homogeneous model and test the effect of variations in across and along-axis permeability and basal temperature on the geometry of hydrothermal flow. Figure 2 shows the results of a numerical experiment in which we impose a uniform permeability (k 5 0.75 3 10 214 m 2 ) throughout the modeling domain and a constant bottom temperature (T bot 5 500 C). Integrated vent heat flux is 350 MW (Table 1 ). This heat is discharged at about fifteen 1 km wide venting sites (Figure 2a . This pattern is due to the nonlinear thermodynamic properties of (sea)water (see section 1).
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However, the random distribution of venting areas in Figure 2 does not fit with the actual distribution of vents at Lucky Strike or with the along-axis oriented hydrothermal cells inferred from the microseismicity data [Crawford et al., 2013] .
Influence of Across-Axis Basal Thermal Gradients
Numerical models by Coumou et al. [2009a] have shown that hydrothermal sites will be distributed roughly along-axis, with recharge in between vent areas, if the hydrothermal layer is not uniformly heated from the bottom but is instead supplied with a significantly higher heat flux in a < 1 km wide axial region. This configuration generates across-axis temperature gradients at the base of the hydrothermal layer, which influence the rise of convective thermal instabilities. This model geometry likely mimics the limited across-axis extent of the axial magma chamber at fast/intermediate spreading axes. To account for the larger (3-4 km wide) across-axis extent of the Lucky Strike axial magma chamber [Singh et al., 2006; Crawford et al., 2010] ( Figure 1 ), we test the effects of various across-axis horizontal temperature gradients at the base of our hydrothermal layer ( Figure 3 ). Across axis, the maximum basal temperature (T bot 5 500 C) is located at the center of the modeling domain, and we investigate the effects of the basal temperature profile width ( Figure 3 ). Besides these Gaussian-like profiles, we also discuss results from models with a ''Heaviside-like'' shape ( Figure 3 ), which could be more appropriate in contexts with wide and subhorizontal AMC roofs, like Lucky Strike. Figure 4 shows the results of a simulation using the narrower Gaussian-like basal temperature anomaly (dashed line, Figure 3) . This model, whose maximum basal temperature gradient is : the higher value is in the axial slot, the lower value in the hosting crust. Table 1) that is extracted by a kilometer-wide (across-axis), ''sheet-like,'' vertical upflow zone extending along the entire model length. The maximum venting temperature of about 300 C is located at the center of the sheet-like upflow zone (Figure 4a) . Recharge occurs across axis with warm (150-200 C), continuous (alongaxis), sheet-like downflow zones that coat the central upflow on both sides (Figure 4b ). Figure 5 shows the results of a simulation using a wider Gaussian-like basal temperature anomaly (solid line, Figure  3 ). This model has one-half the maximum basal temperature gradient of the previous model: approximately 65 C/km.
The planar circulation of Figure 4 destabilizes into a pipe-like circulation ( Figure  5c ) and the venting heat flux increases to about 720 MW (Table 1) , 50% higher than for the narrower basal temperature anomaly. The heat is extracted through a series of discrete venting sites along the axis, some of them (e.g., V1 5 195 MW in Figure 5a ) with a pipelike root, whereas others integrate two or more coalescing upwelling zones/pipes and have an irregular shape that is elongated along-axis (e.g., V2 5 316 MW and V3 5 216 MW in Figure 5a (Table 1) . These simulations highlight the central role of basal horizontal thermal gradients on producing discrete, along-axis oriented, venting sites. The flow organization in our models agrees with the simulations of Coumou et al. [2009a] and we concur with them that, if basal heat flux increases (i.e., permeability increases throughout the model), the pipe-like pattern will become prominent as the elongated venting sites observed in our simulation progressively split into discrete pipe-like structures surrounded by warm downflows (like V1).
Influence of the Permeability and Basal Temperature Structures
Along-axis flow organization resulting from across-axis permeability contrasts was first postulated based on seismic tomography results for the CoAxial segment of the Juan de Fuca Ridge [Sohn et al., 1997] . Detailed geological studies indicate that the preferred location of hydrothermal venting along mid-ocean ridges is the highly deformed axial zone where the crust is densely fractured, faulted, and fissured and therefore likely to be much more permeable [e.g., Hearn et al., 2013] . Numerical models by Coumou et al. [2009a] show, however, that a small (<1 order of magnitude) across-axis linear decrease in permeability does not influence the ''nested-pipe'' flow organization. Rabinowicz et al. [1999] also inferred pipe-like discharge zones (''fingers'') for a very different model based on fast spreading ridges: a permeable along-axis slot that is no more than 100 m wide and is bounded by impermeable walls. The finger-like flow geometry in this model is controlled by the narrow width of the fractured slot [Rabinowicz et al., 1999] and the pressure/temperature-dependent fluid viscosity and expansivity [Rabinowicz et al., 1998 ]. This slot geometry does, however, force a two-dimensional, alongaxis, circulation pattern.
We test here the effects of an along-axis permeable zone that (i) is wider and smoother than that modeled by Rabinowicz et al. [1999] and (ii) (Figure 1 ). To mimic this central fissure network and study its first-order effects on flow dynamics, we introduce a kilometer-wide high-permeability slot in the center of our model, reaching from the seafloor to the base of the model. We discuss the validity of this vertical continuity later in the section 5. Because there are no direct constraints on the permeability contrast between the «fissure-zone» and the adjacent rock, this contrast is a free parameter in our experiments. (Table 1) , extracted through three discrete (V1 5 70 MW, V2 5 60 MW, V3 5 87 MW), kilometer-wide venting sites corresponding to upflowing vertical pipes (Figures 6a and 6c) . Interestingly, the maximum recharge velocities are not in the warm (150-200 C) areas immediately around the upflowing pipes, as was the case in the constant permeability simulations [Coumou et al., 2009a] (Figures 4b and 5b ), but are instead distributed along-axis between outflow zones (Figure 6b ). This change is a result of the lowered efficiency of off-axis recharge, requiring enhanced along-axis recharge in order to conserve mass.
This permeability structure also impacts heat and mass flux distributions at the top of the modeling domain ( Figure 7 ). In constant permeability models (Figures 7a and 7b) , zones of maximum recharge mass flux (Figure 7a ) and heat flux ( Figure 7b ) are both located in the warm halo immediately coating the discharging pipes. In contrast, in models with a central high-permeability slot (Figures 7c and 7d ), these zones are separated. The maximum recharge heat flux is still around the upflowing pipes (Figure 7d ) but the recharge mass is distributed along axis (Figure 7c ). The highly permeable axial zone enhances the inflow of cold and dense seawater away from the discharging pipes.
We evaluated the effect of varying different parameters of the model on the generation of this along-axis recharge and pipe-like upwelling behavior. The basal heating profile has a strong effect on the permeability contrast that is needed between the slot and the surrounding rock in order to generate this behavior: a contrast of at least 10 is needed if basal heating is uniform, whereas a contrast of 2 is sufficient for the narrow Gaussian-like basal temperature distribution of Figures 3 and 4. If we limit the vertical extent of the central permeable zone to the top 0.9 km of the model (not shown in the figures, but listed in Table 1 ) the venting areas become smaller, because the upflowing pipes narrow when entering this higher-permeability superficial fissure network, in agreement with two-dimensional models [e.g., Wilcock, 1998 ]. Also in our models, and consistent with analytical arguments [e.g., Lowell and Germanovich, 2004] , the extracted heat flux increases when the width and/or the permeability of the axial fissured zone increases, or when the permeability outside the fissured zone increases (Table 1 ). Figure 8 shows the heat extraction (in W/m 2 ) at the base of the hydrothermal layer for models with and without a low-permeability slot and with either a Gaussian or Heaviside basal temperature gradient. Figure  8a corresponds to the model presented in Figures 5 and 8c corresponds to the model presented in Figure  6 . The models with constant permeability (Figures 8a and 8b ) have complex spatial heat extraction patterns because of the 3-D recharge network around the discharging pipes (as in Figure 5 ). The models with both Geochemistry, Geophysics, Geosystems basal temperature and across-axis permeability gradients (Figures 8c and 8d) , on the other hand, display a well-organized heat extraction pattern, with along-axis oriented, km-wide alternating zones of heat flux highs and lows matching the base of recharge and discharge areas, respectively. Models with across-axis permeability gradients but constant basal temperature (not shown) display the same well-organized heat extraction pattern if the permeability contrast is greater than 10.
Discussion
The primary reason why the base of recharge and discharge zones in Figures 8c and 8d are heat flux highs and lows, respectively, is that the bottom thermal boundary layer-where cold fluids are heated up along the convective path-is thinner below recharge zones than below discharge zones. Heat flux extraction amplitudes vary by more than 1 order of magnitude between highs/recharges and lows/discharges when the permeability ratio between the fractured slot and the surrounding rocks exceeds 10 (Figure 8 ), consistent with the predictions of two-dimensional numerical models by Fontaine et al. [2011] . We propose that the circulation pattern produced by across-axis permeability (and possibly basal temperature) gradients explains the seismicity hypocenter distribution at Lucky Strike, where earthquake clusters are observed approximately 1 km North and South of the main active field [Crawford et al., 2013] . We propose that heat extraction highs below recharge zones have enhanced microearthquake activity, whereas heat extraction lows below discharge zones have little or no microearthquake activity. We also infer that the hydrothermal flow geometry in the Lucky Strike crust is controlled to a large extent by across-axis permeability variations. Crawford et al. [2013] also noted clusters of seismicity beneath and to the sides of the hydrothermal field, which were active only during a 3 month ''swarm'' of increased earthquake activity. These clusters may have been activated by an increase in hydrothermal flow associated with this swarm, which would increase the basal heat flux and generate cooling-related lithospheric stress in this normally quiet part of the system. While higher permeabilities may be inferred in the narrow graben that dissects the Lucky Strike volcano (Figure 1 ), faulting in this graben probably does not extend all the way down to the AMC [Barreyre et al., 2012; Singh et al., 2006] . Our models suggest, however, that high permeabilities are required from the seafloor down to near the top of the AMC in order to focus basal heat extraction along axis. We propose that dikes propagating from the AMC toward the seafloor within the graben zone may damage the lithosphere below the level of intense faulting and fissuring associated with the axial graben, creating a highpermeability crack network. Dikes may actually contribute to the formation of the axial graben if a significant proportion do not reach the seafloor, as is commonly observed in Iceland and Afar [Rubin and Pollard, 1988; Rubin, 1992] and has been proposed for the EPR [Hooft et al., 1996; Soule et al., 2009] .
The number of hydrothermal cells along-axis depends on the along-axis extent of the basal heat source. In regions of the axis that are not underlain by an AMC, the temperatures at the base of the permeable hydrothermal layer are probably too low for high-temperature hydrothermal/convective modes to arise. If we limit the basal heating to a Heaviside-like region 6-7 km long, consistent with the along-axis extent of the Lucky Strike AMC, only one vent field would form (Figure 9 ). The modeled heat flux of this vent field, assuming a slot permeability of 3 3 10 214 m 2 , is about 130 MW, which is at the lower end of heat flux estimates for Lucky Strike [Barreyre et al., 2012] . Increasing the permeability in the slot increases the vent heat flux, but gives rise to a second vent pipe a few kilometers further along-axis. Although the Evan hydrothermal area (Figure 1 ) is located at about the same distance from the main field as in this model, its output appears to be much lower than the model would predict. When visited in 2006, this vent area covered only a few hundred square meters and displayed only diffuse vents [Ballu and The Graviluck Scientific Party, 2006] . It is not known whether the fluids vented at Evan have deep origins (i.e., near the magma chamber). Two additional factors that our models do not account for could allow a stronger flow at Lucky Strike without requiring another upwelling zone. One is the along-axis variation in the depth to the AMC and the other is the seafloor relief. The Lucky Strike main field is located above a local high of the AMC roof [Singh et al., 2006] and the two seismic clusters interpreted as the base of recharge paths occur in the vicinity of local lows of the AMC roof [Crawford et al., 2013] . These local lows correspond to 10 -20 slopes of the AMC roof [Crawford et al., 2013] , sufficiently steep to focus upflow zones upslope, favoring the formation of convective systems with a single discharge zone [Fontaine et al., 2008] . In other words, the highest effective permeability allowed while generating a single vent field would increase in models with a sloping base. This could allow a single vent field with heat flux closer to Lucky Strike estimates (>200 MW) [Barreyre et al., 2012] . As shown in Fontaine et al. [2011] , this roof topology could result from or be augmented by the heat extraction variations along the convective cell, with higher extraction below the recharge regions than below discharge regions.
Our models also do not account for seafloor relief, which has been shown to influence subseafloor hydrothermal cell geometry [Bani-Hassan et al., 2012] , with bathymetric highs focusing and stabilizing upflows. Bani-Hassan et al. [2012] specifically investigate the case of the Lucky Strike hydrothermal vent system and conclude that the topography of the volcanic edifice stabilizes the location of the main vent field at its top. However, they only considered two-dimensional across-axis models of hydrothermal convection. Whether along-axis seafloor relief affects hydrothermal cell geometry at Lucky Strike is debatable. The main Lucky Strike field is immediately surrounded by three bathymetric highs, and the southern microseismic cluster interpreted as the trace of a recharge path is located below the one of these bathymetric high (a volcanic mound; Figure 1 ). Synthetic models from Bani-Hassan et al.
[2012] would predict the contrary, i.e., upflow zones below bathymetric highs and downflow zones beneath bathymetric lows. The along-axis variations in the depth to the AMC (discussed above) may interfere with seafloor relief effects, and the combined result determines the position and geometry of the hydrothermal cells at Lucky Strike.
Our modeling formalism is based on a constant temperature bottom boundary condition inferred from the presence of the Lucky Strike AMC. The roof of this AMC is assumed to represent an isothermal surface (1000 C) that is taken into account by introducing a 3 3 6 km 2 high-temperature surface at the base of the model box (Figure 9 ). Cann and Strens [1982] and more recently Lowell et al. [2013] suggest that the driving force behind hydrothermal activity in magma-rich systems is not the temperature but rather the local release of latent heat of crystallization within the molten AMC. Whether a heat flux or bottom temperature boundary condition should be used to model hydrothermal activity is difficult to assess. The formalisms meet if the heat flux condition is applied at the base of the system such that magmatic temperatures (>1000 C) are reached there, but hydrothermal heat loss is limited to regions whose temperatures are below a threshold value (500-800 C). In this alternative approach, we would introduce a heat flux boundary condition at the base of the model box, with a 3 3 6 km 2 high heat flux surface mimicking the AMC and the afferent release of latent heat. Although we did not run such a numerical simulation, the introduction of this high heat flux surface would probably result in similar features to our temperature-based bottom boundary condition. If high heat flux was imposed over the entire bottom surface, multiple km-wide hydrothermal pipes with disordered distribution would probably form, as thermal instabilities are free to arise anywhere above a large high heat flux surface (18-20 km 2 in our model), as was the case in Figure 2 . An along-axis oriented system of discharge and recharge would therefore require the introduction of a higherpermeability slot in the model, consistent with our main conclusion. Local heterogeneities in latent heat release within the AMC could induce local variations of basal heat flux that would focus flow in the hydrothermal layer, but it is difficult to quantify these processes, which are controlled by magma chamber dynamics (convection, replenishment. . .) for which we have few constraints. The AMC roof topology at Lucky Strike could reflect such heterogeneities, with the expected hydrothermal flow focusing effects induced by the basal slopes that we discussed above.
Our modeling approach uses a single-phase formalism that models the flow of seawater in the single-phase regime, but only the flow of vapor-like fluids in the two-phase regime. Lucky Strike high-temperature chimneys vent fluids that are both ''vapor-like'' (i.e., salinity < seawater) and ''brine-like'' fluids (salinity > seawater): emanations slightly saltier than seawater were first recorded in 2008 [Pester et al., 2011] and a heat flux of 60 W/m 2 (consistent with a few hundred of MW if the system were a few km wide across axis)-show the formation of several two-phase (vapor-liquid) rising plumes that merge to form a single upflow pipe. Brines formed by condensation sink and are stored in the bottom boundary layer where they remain immobile and stably stratified while buoyant vapors escape the boundary layer. This situation prevails as long as brines do not completely fill the boundary layer. This situation is similar to the single-phase system we model at Lucky Strike: with only the vapor phase flowing in the two-phase boundary layer. Brine-like fluids that discharge at some vents could result from boiling of the rising fluid and the production of a two-phase vapor-liquid zone at shallower depths. At the pressures consistent with these shallower depths (i.e., 150 bars at the top), Coumou et al.'s [2009b] experiment reveals the formation of a liquid-vapor upflow zone that favors episodic venting of brine-like fluids over a few years' period. Alternatively, brine-like venting at Lucky Strike could result from the depletion of the dense brine stored in the bottom boundary that has returned to the single-phase area [Schoofs and Hansen, 2000] , prefiguring a more secular cooling process. Constraining the dynamics of two-phase flow at Lucky Strike would require a longer time series analysis of the salinity of vents and a dedicated two-phase flow modeling study using the Lucky Strike site geometry.
Highly fissured and therefore more permeable narrow axial zones are extensively documented along faster spreading ridges [e.g., Normark, 1986; Haymon et al., 1991; Embley et al., 2000; Ferrini et al., 2007; Hearn et al., 2013] . Km-wide hydrothermal convection cells inferred from seismicity along the EPR at 9 50 0 N [ Tolstoy et al., 2008] are also difficult to reconcile with ''nested-pipe'' cell geometries [Coumou et al., 2009a] . We propose that across-axis permeability variations may also play a first-order role on the production and geometry of these km-wide convection cells. Verifying this and constraining its effects and implications would require models that incorporate the specificities of this fast spreading ridge section (e.g., a shallower and more continuous axial magma chamber, lesser axial relief and along-axis permeability variations due to ridge discontinuities).
Conclusions
We ran a series of three-dimensional numerical models to study the flow architectures of high-temperature subseafloor hydrothermal systems. The primary goals of our work are to constrain the physical parameters controlling the formation of hydrothermal flow with elongated convection cells and to highlight the relationships between this flow geometry and microearthquake distribution patterns. Our study is principally based on observations from the Lucky Strike vent field, where a unique seafloor observatory of hydrothermal, tectonic, and volcanic processes has been operating since 2006.
An along-axis flow geometry is favored by a km-wide along-axis high-permeability ''slot.'' The circulation is composed of km-wide pipe-like upflow zones with recharge zones in between. Across-axis temperature or heat flux gradients at the base of the hydrothermal layer may also contribute to this flow organization, due to the across-axis bounds of the axial magma chamber and/or to localized release of latent heat of crystallization. The more the basal temperature/heat flux is focused near the rise axis, the lower the permeability contrast that is needed between the slot and the surrounding rocks in order to generate along-axis flow. At Lucky Strike, the high-permeability slot is located beneath and at least partly due to a central axial graben that dissects the volcanic edifice. The formation of a single major vent field, as is the case at Lucky Strike, may also require some dynamical forcing due to magma chamber or seafloor topography.
Our models show that recharge zones correspond to heat extraction highs at the base of the hydrothermal layer, while discharge zones correspond to lows. In our models incorporating a high-permeability slot, highs and lows are kilometer-wide and alternate along-axis below recharge and discharge zones, respectively. Heat extraction highs below recharge zones appear to be the preferential locus of microearthquake activity driven by cracking front propagation and/or magma chamber crystallization and collapse. This alternating pattern of heat extraction highs and lows is in good agreement with the microearthquake data of Crawford et al. [2013] , which shows the presence of two distinct clusters of microearthquakes above the Lucky Strike magma chamber, 1 km to the north and to the south of the venting site. A high-permeability slot associated with fissured and fractured axial regions of fast/intermediate spreading ridges would likely favor similar along-axis flow geometry, which could explain observations of narrow microseismic cluster zones beneath the EPR at 9 50 0 N.
Our models do not take into account phase separation, which could also influence flow geometry and locations of heat extractions highs and lows. These processes should be included in future modeling work to assess their role on the chemical and thermal evolutions of vent fluids and distribution of microseismic activity.
